A method for measuring DNA synthesis and, thus, cell proliferation, in vivo is presented. The technique consists of administering [6,6-2 H 2 ]Glc or [U-
Control of cell proliferation is important in all multicellular organisms. A number of pathologic processes, including cancer and AIDS (1) (2) (3) , are characterized by failure of the normal regulation of cell turnover. Measurement of the in vivo turnover of cells would therefore have wide application, if a method were available. Presently, direct and indirect techniques for measuring cell proliferation or destruction exist, but both types are flawed.
Direct measurement generally involves the incorporation of a labeled nucleoside into genomic DNA. Examples include the tritiated thymidine ([ 3 H]dT) and BrdUrd methods (4, 5) . These techniques are of limited applicability in humans, however, because of radiation-induced DNA damage with the former (6) and toxicities of nucleoside analogues (7) with the latter.
Indirect methods also have been used in specific cases. Recent interest in CD4 ϩ T lymphocyte turnover in AIDS, for example, has been stimulated by using indirect estimates of T cell proliferation based on the rate of accumulation in the circulation after initiation of effective antiretroviral therapy (1, 2) . Unfortunately, such indirect techniques, which rely on changes in pool size, are not definitive. The increase in the blood-T cell pool size may reflect redistribution from other pools to blood rather than true proliferation (8, 9) . In the absence of direct measurements of cell proliferation, it is not possible to distinguish between these and other (10) alternatives.
Accordingly, there is a need for a generally applicable method for measuring cell proliferation that is without hazard and can be applied in human subjects. The biochemical correlate of new cell production is DNA synthesis. DNA synthesis also is relatively specific for cell division because ''unscheduled'' DNA synthesis is quantitatively minor (11) . Measurement of new DNA synthesis is therefore essentially synonymous with measurement of cell proliferation.
We describe here a method for measuring DNA replication and, hence, cell proliferation, that is applicable in humans. The method differs from current labeling techniques in three major respects. First, previous isotopic methods have labeled DNA through the nucleoside salvage pathway (Fig. 1) . The method we present instead labels deoxyribonucleotides in DNA through the de novo nucleotide synthesis pathway (Fig. 1) . Labeling via this pathway is advantageous because in most cells that enter the S phase of the cell cycle, the key enzymes controlling de novo synthesis of dNTPs, in particular ribonucleotide reductase (RR), are up-regulated, whereas the enzymes of the nucleoside salvage pathway are suppressed (12) (13) (14) . Second, we measure labeling in purine deoxyribonucleosides instead of pyrimidines (e.g., from [ 3 H]dT or BrdUrd). This is advantageous because the de novo synthesis pathway tends to be more active for purine than for pyrimidine dNTPs (12) (13) (14) . In fact, regulatory deoxyribonucleotides have been shown in lymphocytes (12, 13) to exert negative feedback on RR for pyrimidine dNTP synthesis but positive feedback for purine dNTP synthesis, ensuring that the de novo synthesis pathway is always active for the purines. Finally, this method uses stable isotopes instead of radioisotopes and thus is safe for human use. Our objective here was to assess the feasibility of this method for measuring cell proliferation rates in vitro and in vivo.
Derivatization of Deoxyribonucleosides and Analysis by GC-MS.
Trimethylsilyl (TMS) derivatives of nucleosides were synthesized by incubation of lyophilized hydrolysates with bis(trimethylsilyl)trifluoroacetamide:pyridine (4:1) at 100°C for 1 hr. Samples were analyzed by GC-MS (DB-17 HT column, J & W Scientific, Folsom, CA; HP 5890 GC and 5971 MS, HewlettPackard). Abundances of ions at m͞z 467 and 469 were quantified under selected ion recording mode for dA, and m͞z 555 and 557 were monitored for dG. Under the derivatization and GC-MS conditions used, the purines (dA and dG) showed larger peaks (Fig. 3) than the pyrimidines. To measure the enrichment of Glc, plasma or culture media were deproteinized and passed through ion exchange columns (17) . The Glc-penta acetate derivative was formed by incubation with acetic anhydride in pyridine. GC-MS analysis was as described previously (17) , monitoring m͞z 331 and 333.
In Vitro Studies. Initial studies of label incorporation from [6, H 2 ]Glc into cellular DNA were performed in tissue culture. Two cell lines were used: a hepatocyte cell line, HepG 2 , and a lymphocytic cell line, H 9 , which is a CD4 ϩ T cell line. HepG 2 cells were grown in 10-ml dishes with ␣-modified DMEM. H 9 cells were grown in suspension in RPMI medium 1640. Both were grown in the presence of 10% dialyzed fetal calf serum and antibiotics (all reagents were from GIBCO͞ BRL, except where stated otherwise). In both cases, the number of cells present was measured by counting an aliquot on a ZM0901 Coulter counter. For HepG 2 cells, plating efficiency was corrected for by counting an identical plate at the beginning of each labeling phase. Cells were labeled by the addition of [6,6-2 H 2 ]Glc (Cambridge Isotope Laboratories, Cambridge, MA) so that the labeled Glc constituted 10-20% by weight of total Glc present (100 mg͞liter for DMEM and 200 mg͞liter for RPMI medium 1640). In some experiments, Glc-free medium was used, and only 100% labeled Glc was present in the medium. Additional experiments were carried out in the presence of [U- 13 C 6 ]Glc and [2- Animal Studies. Four rats (Ϸ250 g) were infused with labeled Glc. Cannulae were placed intravenously in the rats under anesthesia (18) . After a 24-to 48-hr recovery period, [6,6-2 H 2 ]Glc was infused as a sterile 46 mg͞ml solution at 0.5 ml͞hr for Ϸ24 hr. Food was withdrawn at the beginning of the isotope infusion. This dose was expected to achieve average plasma Glc enrichments of Ϸ10%, based on previous studies in fasting rats (17) . At the end of the infusion period, animals were killed. Blood for plasma Glc enrichment and tissues for DNA extraction were collected and frozen. A section of the intestine Ϸ30-cm long was excised from just below the duodenum in each rat. The intestinal segments were everted and washed. Epithelial cells were released from the submucosa by incubation with shaking in buffer that contained 5 mM EDTA at 37°C for 10 min, as described by Traber and coworkers (19) . DNA was extracted from cell preparations and then hydrolyzed to nucleosides and analyzed by GC-MS (Fig. 2) .
Studies of Granulocyte Kinetics in Human Subjects. To investigate the application of this technique in human subjects, four volunteers received intravenous infusions of [6,6-2 H 2 ]Glc (60 g for 48 h) in the General Clinical Research Center at San Francisco General Hospital. One subject was a healthy, normal volunteer, and the other three subjects were HIV-seropositive men with blood-CD4 cell counts in the range of 215-377͞mm 3 , who were participating in lymphocyte kinetic studies (in preparation). None had a clinically apparent infection at the time of the infusion. To maintain constant plasma Glc enrichments and maximize the labeling of cellular DNA, dietary carbohydrates were restricted (mean intake 46 g͞day) during the 2-day infusion. Blood was drawn every 12 hr during the infusion, for Glc enrichment. After the 48-hr infusion, blood was collected daily for 10 days, and granulocytes and mononuclear cells were separated by gradient centrifugation by using a Vacutainer CPT (Becton Dickinson). Granulocyte DNA was extracted, hydrolyzed to nucleosides, and analyzed by GC-MS ( growth in vitro, exponential kinetics apply (21):
, where k is the rate constant (t
Ϫ1
) for fractional replacement or growth. Absolute replacement rate is (k ϫ pool size). Finally, certain cells exhibit a lag period before appearing after DNA is synthesized during which time a developmental sequence occurs in a nonaccessible body compartment. Maturation of granulocytes in bone marrow is an example (23) . Here, isotope incorporation (either linear or exponential) is observed after a time lag, f represents new cells made during the period of isotope administration, and the constant infusion of labeled precursor need not continue through the period of tissue collection.
RESULTS
Development of Analytic Method. Derivatization was required to volatilize deoxyribonucleosides for GC-MS analysis (24) . We observed the highest abundances with TMS derivatization, compared with methylation or acetylation. The GC-MS scans of a typical TMS-derivitized sample, analyzed under electron impact ionization, are shown (Fig. 3 ). dA and dG eluted from the GC column as well defined peaks. The dominant ions in the spectra are fragments from the base moiety (25) and, thus, were uninformative regarding [ 2 H]Glc incorporation. The parent ions for dA-TMS 3 and dG-TMS 4 are m͞z 467 and 557, respectively (Fig. 3 ). They were well represented and were present in a region of the mass spectrum with little background. Labeled samples contained an excess of the M ϩ2 ions 469 and 557; the ratios of 469:467 and 557:559 were used for quantification of isotope enrichments.
Injection volumes were adjusted to keep samples and standards at similar M 0 abundances and to avoid concentration effects on isotope ratios (17, 26) . The standard deviation for M ϩ2 fractional abundance in dA is Ͻ0.0005 for unenriched samples and Ͻ0.0004 for enriched samples. The enrichments of dA were not significantly different from dG, as expected. Only data from dA are shown here.
In Vitro Cell Proliferation Studies. Measurement of cell proliferation. The enrichment of dA from cells grown in media containing 10-15% [6,6-2 H 2 ]Glc increased progressively over time (Fig. 4A ). This increase was demonstrated for both a hepatocyte cell line (HepG 2 ), grown as monolayers on plates, and for a T-lymphocytic cell line (H 9 ), grown in suspension. When compared with the increase in cells by direct counting, dA enrichment correlated closely (Fig. 4B) . The correlation coefficient between the fraction of new DNA (calculated from the ratio of M 2 enrichments in dA to medium Glc) and the percentage of new cells by direct counting was 0.984 for HepG 2 cells and 0.972 for H 9 cells.
Estimation of intracellular dATP precursor pool enrichment for DNA synthesis. The enrichment of the true intracellulardATP precursor pool for DNA synthesis in growing cells is equal to the dA enrichment in DNA at 100% new cells (i.e., when only labeled DNA is present). Extrapolation of our labeling time course experiments (Fig. 4) to 100% new cells gave estimated plateau dA enrichments of 0.725 of the medium Glc enrichment for HepG 2 cells and 0.525 for H 9 cells.
To test more directly the relationship between enrichments of extracellular Glc and intracellular DNA precursors, cells were grown for prolonged periods in medium containing 100% [6,6- (Fig. 5) . One possible explanation for this dilution of extracellular-labeled Glc could be the synthesis of Glc within the cell, e.g., from gluconeogenesis (GNG), because unlabeled amino acid precursors for GNG are present in the culture medium. Alternatively, some exchange of the label could have occurred during intracellular metabolism of Glc, either during glycolysis and passage through the tricarboxylic acid cycle or during the nonoxidative portion of the pentose-phosphate pathway (27) . If intracellular unlabeled Glc from GNG were the dominant origin of dilution, dA from H 9 cells might have approached closer than the HepG 2 cells to 100% of medium Glc enrichment. This prediction was not found to be the case (Figs. 4 (Fig. 6 ). An asymptote of Ϸ80% of the extracellular enrichment was reached in HepG 2 cells whereas in H 9 cells the asymptote was Ϸ60% of extracellular Glc enrichment. When the M 0 to M 5 spectrum was analyzed, enrichments of M 2 , M 3 , and M 4 ions were seen in addition to the expected enrichment of M 5 (not shown). This phenomenon was observed in both H 9 and HepG 2 cells, although the relative abundance of these ions was greater from H 9 cells.
Effect of extracellular deoxyribonucleosides on incorporation of labeled Glc. The above cell culture experiments were performed in the absence of deoxyribonucleosides in the medium. Previous studies with lymphocyte cell lines (12, 13) have suggested that increasing the availability of extracellular deoxyribonucleosides does not reduce, and may even increase, activity of RR and the endogenous synthesis pathway for purine dNTPs (Fig. 1) . To test directly the effects of increased availability of extracellular deoxyribonucleosides, HepG 2 and H 9 cells were grown in the presence of an equimolar mixture of the four deoxyribonucleosides. Two concentrations, 20 M and 100 M, were chosen to reproduce or exceed those prevailing in tissues; plasma concentrations are normally of the order of 1 M, and tissue concentrations may range between 1 and 100 M (14). Six flasks of H 9 cells were grown in parallel in media labeled with Ϸ10% [6,6-2 H 2 ]Glc (Table 1) . Two flasks were grown without added deoxyribonucleosides, two were grown at the lower, and two at the higher deoxyribonucleoside concentrations. After 90 hr, 85% of cells were new as determined by counting them. The experiment also was performed with HepG 2 cells, yielding an average increase in cell number representing Ϸ58% new cells. In H 9 cells the presence of extracellular deoxyribonucleosides at either 20 M or 100 M did not reduce the incorporation of label from Glc into dA and thus did not appear to suppress the activity of the de novo nucleotide synthesis pathway. In HepG 2 cells there was no appreciable reduction in incorporation at 20 M, although there was a small (Ϸ12%) reduction at 100 M. In H 9 cells, the extrapolated ratio of dA͞Glc at 100% new cells (based on cell counting) was reproducibly between 62 and 64%. For HepG 2 cells, the ratio ranged between 54 and 71%.
In vivo labeling of DNA in animal studies. In rats (n ϭ 4) receiving intravenous infusion of [6, H 2 ]Glc, plasma Glc enrichment at death was 13.2 Ϯ 0.9%. The mean plasma Glc enrichment for the whole 24-hr infusion period is less than this value because plasma Glc enrichment progressively increases during fasting, as the Glc appearance rate progressively falls (7). The mean plasma Glc enrichment was estimated from two rats that received labeled Glc infusion, in which repeated blood samples were taken via an arterial blood-drawing line. The mean enrichment for the 24-hr fasting period was 0.70 of the final enrichment; accordingly, this value was used for calculating the mean Glc enrichments for the four experimental rats (9.2 Ϯ 0.6%). Different enrichments were found in dA from the three tissues studied ( Table 2 ). For intestinal epithelial cells a lifespan (linear) kinetic model was used (see above), based on the model that new cells divide, live for a fixed period of time, and then die in the order in which they were formed, during the progression from crypt to villus tip (20) . A turnover time of 2.8 Ϯ 0.4 days was calculated (uncorrected, by using plasma Glc enrichments to represent intracellular dATP) or 1.8 Ϯ 0.2 d (corrected, by using plasma Glc with a 35% intracellular dilution factor). For thymus and liver a random replacement (exponential) model was applied (ref. 22 ; also, see above). Thymus had a 10 times more rapid turnover than liver ( Table 2) .
Studies of granulocyte kinetics in human subjects. As part of a study of T lymphocyte kinetics in AIDS, three HIV-seropositive men and one HIV-seronegative man received an infusion of [6,6-2 H 2 ]Glc (1.25 g͞hr for 48 hr). All were clinically stable at the time of investigation. Absolute granulocyte counts were 1.5, 0.9, and 2.4 ϫ 10 9 ͞liter, respectively, in the HIV-positive subjects and 2.4 ϫ 10 9 ͞liter in the control subject. The infusions were well tolerated. Mean plasma Glc enrichments of 15.3 Ϯ 2.4 molar percent excess were achieved (rate of appearance of Glc Ϸ2 mg͞kg͞min). Granulocytes were isolated, and dA enrichment was measured from DNA. For the first 6 days after the infusion, very low proportions of labeled cells were seen in the circulation (Fig. 7) , consistent with the Ϸ7-day maturation sequence required for development of granulocytes in the bone marrow (23), followed by the appearance of labeled cells starting on days 6-8. Enrichments at day 8 indicated Ϸ25% new cells present (corrected values). Blood sampling was not continued beyond day 8; therefore, it was not possible to evaluate the kinetics of decline in cell labeling.
DISCUSSION
Stable isotope-mass spectrometric techniques have been widely used for studying intermediary metabolic processes but have not generally been applied to questions in cellular or molecular biology. Investigation of the control of cell proliferation represents an area of fundamental importance that is amenable to such techniques. Control of cell proliferation can be framed as a metabolic question: what is the rate of DNA synthesis in a population of cells?
We describe here the development and application of a new stable isotope-mass spectrometric technique for the measurement of DNA synthesis and thus cell proliferation. Others have used nonradioactive tracers for labeling nucleic acids. Twenty years ago, Heck et al. (28) measured incorporation of stable isotope-labeled thymidine into DNA as a semiquantitative index of DNA synthesis, and many investigators (e.g., 29) have used NMR analyses of nucleic acids after incorporation of 13 Cor 15 N-labeled precursors, to obtain structural information.
We have tested the method in several ways. When compared with the least ambiguous measure of cell proliferation (cell counting) in an in vitro system in log phase growth, the proportional increase in new cells by the stable isotope method showed excellent quantitative agreement (Figs. 4 and 6 ; Table 1 ) with the increased number of cells counted. Correlation coefficients Ͼ0.95 were observed for both cell types studied. If the plateau ratio of dA enrichment to extracellular Glc enrichment (Ϸ65%) is used to reflect the dilution of label between Glc and the dR in the dATP precursor pool for DNA synthesis (Fig. 1) , the absolute cell proliferation rate calculated by the isotope method is almost identical to the number of new cells counted.
In addition, we have validated this technique in vivo by comparing measured cell proliferation rates to values estimated by independent techniques. In rats, thymus and intestinal epithelium were rapid turnover tissues, as expected, whereas turnover of liver cells was much slower. For intestinal cells a turnover time of 1.8 days was measured (Table 2) , assuming an intracellular dilution of 0.65. This time is consistent with previous studies using tritiated thymidine and mitotic counting that have found values of between 1.6 (30) and 2.0 days (31) in small intestine of rat. Thymocyte turnover rates were also within the expected range.
In humans we have applied this technique to granulocyte kinetics. The observed pattern of a lag phase followed by rapid appearance of a cohort of labeled cells (Fig. 7) is consistent with previous observations using tritiated thymidine (23) . Because samples were not taken beyond day 10, it was not possible to comment on the disappearance rate of labeled granulocytes from the blood or to fully model the kinetics of the granulocyte pool. However, such modeling should be possible by combining isotope infusions with studies of granulocyte survival in the peripheral blood.
The approach described here for measuring cell proliferation has several advantages over previously available methods. [ 3 H]dT is a potent antimetabolite that has been used to kill dividing cells (6) ; the toxicity of introducing radioisotopes into DNA is avoided here by using stable isotopes. The toxicities of nucleoside analogues per se (e.g., BrdUrd) are avoided by labeling with a physiologic substrate. Isotopic contamination by non-S phase DNA synthesis also is minimized by labeling through the ribonucleotide reduction pathway (12) (13) (14) . The variability of labeled pyrimidine nucleoside salvage uptake is FIG. 7 . Fractional synthesis of granulocytes in peripheral blood from four subjects after 2-day infusion of [6,6-2 H2]Glc, commencing at time zero. Open symbols, control subject; closed symbols, HIV infected subjects. Fraction of new cells was calculated by comparison of dA enrichment to average plasma Glc enrichment, after correcting for estimated 35% intracellular dilution. (Table  1) . Possible input from free purine or pyrimidine base salvage does not dilute the ribose moiety of NTPs, because the salvage pathway for free bases, like de novo synthesis of bases, involves combination with phosphoribose pyrophosphate, which is synthesized from Glc (Fig. 1) . Finally, re-utilization of label from catabolized DNA is avoided by analyzing purines, because the deoxyribonucleoside salvage pathway is low. Therefore, die-away curves of labeled dA or dG in DNA will be relatively uncontaminated by isotope reutilization, and cell turnover should be measurable from decay curves (21) . The method might be further advanced by analytic modifications. Use of derivatives or instruments that improve sensitivity and precision for measurement of isotope enrichments as well as derivatives or instruments that reduce chemical yields required for detection (32) , would reduce isotope costs and tissue requirements, respectively, when compared with GC-MS of TMS derivatives. These are especially important considerations for human studies.
An important technical question is the optimal value to use for the intracellular precursor pool (dATP) enrichment. The maximum dA enrichment in cells grown for long periods in labeled Glc was less than the enrichment of medium Glc; final dA enrichments reached 60-70% of the extracellular Glc value in both HepG 2 and H 9 cells. Our in vitro experiments suggest that this dilution is largely due to glycolytic and͞or nonoxidative pentose-phosphate pathway metabolism of labeled Glc, although GNG also may reduce the precursor enrichment in hepatocytes.
Thus, for calculations of cell turnover, if the enrichment of the dNTP pool is taken to be equal to that of extracellular Glc, a minimum value for cell turnover rate is obtained (shown as uncorrected data in Table 2 ). If, however, it is assumed that the dilution between extracellular Glc and dNTPs is similar in vivo to that observed in cells studied in vitro, a correction can be applied. The value of such a correction factor is likely to depend both on the tissue type and the physiological state. Despite this, our results with labeling of cells in culture and in rats suggest that a correction factor for intracellular dilution of 0.65 Glc can be applied with some confidence ( Fig. 5; Table 1 ), particularly for lymphocytes.
Presently, there is no definitive method to measure intracellular dilution of dATP relative to extracellular Glc, in vivo. Ultimately, the best way to establish the true intranuclear dNTP precursor pool enrichment may be by a technique such as mass isotopomer distribution analysis (21) . Analysis of combinatorial probabilities in oligonucleotides (containing two or more dA or dG subunits) would require different methods and mass spectrometric instrumentation. We have measured enrichments in oligopeptides, to measure protein synthesis by mass isotopomer distribution analysis, by use of electrospray ionization-MS (33) . Until the combinatorial approach is developed, the use of measured extracellular Glc enrichments, optimally with a correction factor (e.g., 0.60 to 0.70) for intracellular dilution, should be adequate for reproducible and accurate estimates of cell proliferation rates.
In summary, we describe a method for measuring proliferation and turnover rates of cells in vivo. The technique involves no radioactivity or potentially toxic metabolites and is suitable for use in humans as well as model systems. A number of biological and clinical questions of fundamental interest may prove amenable to study by use of this technique.
